Genetic Control of a Transition from Black to Straw-white Seed Hull in Rice Domestication
phenotypic variation in black pigmentations on hull were identified (Gu et al., 2005) . But no candidate gene has been cloned for the transition from the black hull of the ancestral wild rice to the straw-white seed hull of cultivated rice, and the genetic basis for this kind of hull color alteration remains unknown.
The functional variations resulted from this transition are also to be investigated. In this study, we
cloned Bh4 gene, a member of an amino acid transporter family conditioning for black hull on chromosome 4. A 22-bp deletion within Bh4 caused a frame shift and truncated the BH4 protein that led to the straw-white hull phenotype in cultivated rice. Sequence analysis of O. sativa varieties and wild rice accessions revealed that the Bh4 has been the selection target and undergoes strong selection.
RESULTS

Characterization of an Introgression Line with Black Hull
To characterize the gene responsible for black seed hull coloration and phenotypic variations resulted from the transition from black to straw-white hull, we constructed a set of chromosome segment substitution lines (CSSLs) from backcross progenies derived from a cross between cultivated rice variety O. sativa ssp. indica cv. Guangluai 4 (straw-white hull) as the recurrent parent and wild rice accession O. rufipogon Griff W1943 (black hull) as the donor parent. A CSSL was found to carry the entire wild rice chromosome 4 (designated as SL4). The mature seeds of SL4 showed black hull, long awn ( Fig. 1A) , and SL4 also exhibited later heading date and strong seed shattering. We therefore designated black hull locus as black hull 4 (Bh4) on chromosome 4. To separate with the Shattering 4 locus (Sh4), which controls the seed shattering in wild rice (Li et al., 2006) , we developed a near isogenic line (NIL8), which contained a short segment from wild rice in Guangluai 4 (Supplemental Fig. S1 ). The NIL8 showed black seed hull, but did not shatter after ripening (Supplemental Fig. S2 ).
NIL8 was awnless and had the same heading date as Guangluai 4.
All seed hulls of the NIL8 panicles kept green from the first to fourteenth day after heading. Black spots appeared on the hulls of the first developing grains on the fifteenth day. Most of hulls of the panicle turned black on the nineteenth or twentieth day. The hulls became completely black on about twenty-fifth day after flowering (Fig. 1B) . We also observed that the grain hulls would not turn black if the flowers were not pollinated.
Cloning and Confirmation of the Bh4 Gene
An F 2 population was derived from the cross between SL4 and Guangluai4, and a total of 300 individual F 2 plants were genotyped using 28 insertion or deletion (InDel) markers along the chromosome 4. All seeds of these 300 plants were harvested, and the F3 population was therefore derived from the F 2 individuals. From the segregation of the F 3 population, the genotype of each F 2 individual for Bh4 locus was determined. With combination of the genotype of entire chromosome 4
and Bh4, the Bh4 was primarily mapped to the region between markers M1 and M2 and co-segregated with simple sequence repeat (SSR) marker RM3524 ( Fig. 2A ; Supplemental Fig. S3 ). Subsequently, a larger F 2 population was generated and a total of 3, 276 plants were genotyped in the seedling stage using the flanking markers of M1 and M2. The genotype of Bh4 locus of the individual recombinants with B (Guangluai 4 homozygous) and H (heterozygous) was determined in this population, and the seeds of individual recombinants with A (SL4 homozygous) and H (heterozygous) between the two markers were collected and sowed to determine the genotype of Bh4. By progressively examining SSR and single nucleotide polymorphism (SNP) markers between M1 and M2, we finally delimited the gene responsible for black hull in wild rice to an 8.8-kb region between the markers M5 and M7 (Fig. 2B ).
A BAC library of O. rufipogon W1943 was screened using the method of pool-PCR to identify the BAC clones that contained the 8.8-kb target region. Finally, two overlapped BAC clones were selected, and one of them (ORW1943Ba0077G13) was fully sequenced (Fig. 2C) . Only one open reading frame (ORF) was identified in the 8.8-kb DNA fragment using FGENESH gene prediction analysis (http://www.softberry.com) (Fig. 2D) (Fig. 2D ). The binary plasmids were introduced into transformed using Agrobacterium-mediated transformation. The vector pCAMBIA1301 was used as a control. We found that 8 independent transgenic lines for pC13Bh4-W showed complementation of the black hull phenotype in mature seed hull of cultivar Kasalath (Fig. 2E ). These results confirmed that the Os04g0460000 in the O. rufipogon was the Bh4 gene controlling synthesis of black hull pigment.
Sequence Comparison of Bh4 in Wild Rice and Cultivated Rice
To investigate sequence variation between wild rice and cultivated rice, we compared the Bh4 sequences of japonica Nipponbare and indica Guangluai 4 with that of W1943. There were sequence differences in the promoter region. We designed a new marker M10 (Supplemental Table S1 ) close to the site of starting codon to test the recombinant individuals, and eliminated polymorphisms at the promoter as the source of the hull color change. So we focused on the mutations that could affect the protein sequence. The Bh4 coding sequence of Guangluai 4 was identical to that of Nipponbare. Both varieties have straw-white seed hull. Sequence comparison of Bh4 locus between W1943 and Guangluai 4 revealed a 22-bp deletion and a single nucleotide polymorphism in the third exon in Guangluai 4 (Fig. 3A) . The deletion induced a frame shift in the sequence resulting in a premature stop codon. The stop codon truncated the protein by 150 amino acids. These results showed that the different alleles of Bh4 were consistent with the observed phenotypic differences between Guangluai 4 and W1943, suggesting that the 22-bp deletion was the only apparent reason for the loss of black hull phenotype in Guangluai4 (Fig. 3A) .
Over-expression Analysis of Bh4 in Guangluai 4
To confirm the accuracy of the different gene models, we cloned the Bh4 full-length cDNAs from W1943, Guangluai 4 and Nipponbare on the basis of Bh4 gene sequence derived from the W1943 gene model. The Bh4 sequences could be amplified successfully from the three varieties (Fig. 3B ).
Sequencing of these cDNAs confirmed the gene model and the splice sites predicted from the W1943.
We then constructed an over-expression plasmid using the full-length cDNA of Bh4 from W1943.
Transformation of the Bh4 over-expression plasmid succeeded in restoring the black hull phenotype in Guangluai 4 (Fig. 3C ).
In addition, comparison of the Bh4 cDNA sequence and its genomic DNA sequence in Guangluai4
showed that there was one cSNP in the third exon. This cSNP exactly located the SNP site in the third exon between Guangluai 4 and W1943 genomic sequences. It is an adenine in W1943 and guanine in Guangluai 4 (Fig. 3A) . But the guanine turned to the same base of adenine as the wild type W1943 allele after transcription in Guangluai 4. We also detected this transcriptional modification in
Nipponbare. The function of this transition (CAT>CGT/histidine>lysine) might be involved in a protection mechanism that plant adapted to random mutation in the evolutionary process. Fig. S4 ). Given the precursor for the synthesis of pigment in plant, BH4 is most likely to transport aromatic amino acids, such as phenylalanine, tyrosine and tryptophan (Grotewold 2006) . We then assayed concentration of free amino acids in straw-white hull and black hull. The result showed that the concentration of most free amino acids and total concentration of free amino acids decreased in black hull, but the concentration of tyrosine increased with 3-to 6-folds (Supplemental Table S2 ). On the basis of this analysis, we propose that BH4 is most likely a functional tyrosine transporter.
Bh4 Encodes an Amino Acid Transporter Protein and is Specifically Expressed in the Seed Hull
Using the TMHMM program (http://www.cbs.dtu.dk/services/TMHMM/), BH4 was detected to have ten transmembrane motifs, which are specific to transporter proteins in plants (Fig. 4B ). Because amino acids are transported not only across the plasma membrane but essentially in and out of all cellular compartments, the cellular localization of the transporter was analyzed. Fluorescence microscopy of N-terminal P35S-green fluorescent protein (GFP)-BH4 fusions transiently expressed in Arabidopsis protoplasts. These results indicated that BH4 was located not only at the plasma membrane but also at other cellular compartments (Fig. 4C ).
To profile Bh4 transcription, we used RT-PCR to amplify mRNA from root, leaf, stem, hull and the corresponding dehulled seed at about 18 days after heading. The total RNA was isolated from Guangluai 4 and NIL8 plants. RT-PCR showed no expression of Bh4 in root, leaf, stem or dehulled seed, as expected for Bh4 associated with seed hull phenotype. Because the promoter of the Bh4 gene had been eliminated as the source of polymorphism based on the recombination data, we anticipated that similar expression levels of Bh4 would be detected in straw-white and black hull seeds. Our results confirmed this expectation (Fig. 5A ) and the RNA transcripts from Guangluai 4 contained the 22-bp deletion predicted by the sequence information. We also carried out the quantitative real-time RT-PCR, and found that the expression level of Bh4 reached to the highest point when black spot appeared on the hull (Fig. 5B) .
Effect of Expression of Bh4 in Transgenic Rice
To identify functional variations resulted from black-colored to straw-white hull transition, we compared grain number per panicle (GNP), fertility rate, thousand grain weight (TGW), tiller number per plant (TN), amylose content (AC), gel consistency (GC), gelatinization temperature (GT) and grain chalkness degree (CD) between NIL8 and Guangluai 4. Only TGW, TN, and AC exhibited significant changes (Supplemental Fig. S5 ). Consequently, we further compared the three traits in Bh4 transgenic and control lines of Kasalath in order to make sure that the changes were caused by Bh4. But there were no significant changes on these traits between transgenic and control lines (Supplemental Fig. S6 ).
This indicated that the Bh4 did not associate with the yield or any grain quality.
Multiple Independent Mutations of Bh4 in Rice Cultivars
To investigate the occurrence of Bh4 deficiency among rice cultivars, we firstly detected 22-bp deletion among 16 japonica and 11 indica varieties using a molecular marker M22 (Supplemental Table S1 ). All cultivars examined were with straw-white seed hull. Eighteen of them had the 22-bp deletion in the site as identified in the Guangluai 4, the remains had no such deletion. We then sequenced the Bh4 alleles of the 27 cultivars. Among the nine varieties without the 22-bp deletion, eight had 1-bp deletion in the second exon, which also resulted in a frame shift (produced a truncated protein of 213 amino acids). One indica variety Kasalath had a single base change from C to A (TCG-TAG) leading to a premature stop codon in the third exon (produced a truncated protein of 359 amino acids) ( Table 1) . Taken together, at least three mutations in the Bh4 coding region of cultivated rice were associated with the straw-white hull color, suggesting multiple origins of the phenotype.
We further surveyed the distribution of the three mutations in a large panel of 433 rice landraces with straw-white hull collected in China. Among them, 94.9% (411) contained 22-bp deletion, 3.7% (16) contained 1-bp deletion, and the remaining 1.4% (6) had none of the three mutations. Among the 6 varieties, three of them have the same ORF as W1943, and another three accessions have the same ORF as O. sativa ssp. japonica cv. Lijiang with black hull color. These results indicated that some other genes may be involved in the synthesis of the rice black hull pigment. Remarkably, the C to A transversion, which caused a premature stop codon, was not found in other varieties except for Kasalath (Table 1) .
Phylogenetic Analysis of Bh4
We obtained Bh4 sequences from 28 cultivated rice (27 of them are with straw-white hull and one of them is with black hull) and 24 wild rice species with black hull (Table 1 ). The length of aligned sequences for each taxon varied from 2442 bp to 2458 bp ( Table 2 ). All of the four taxa included both coding and non-coding regions from ATG to TGA. These sequences were aligned with an out-group sequence of Oryza barthii (Table 1) .
Phylogenetic analysis of the Bh4 sequences showed that all of the cultivars were grouped together with 98% bootstrap support except for indica variety Kasalath (Code: ind-IND2; Fig. 6 ), which was nested within a wild rice group from Thailand. Within this group, indica and japonica cultivars are intermixed. Given their sequence differences, except Guangluai 4 and Minghui 63 which have a SNP in the second intron, they differ only in a 22-bp or 1-bp deletions (Table 1) . These results suggested that those cultivars might originate from a common progenitor. Over the long time of domestication, different mutations have been selected on the Bh4 gene. Outside of this clade, four wild rice accessions (one O. nivara accession and three O. rufipogon accessions) formed a sister group to the cultivated alleles. All of the accessions in this group came from India except W1943 and the bootstrap support came up to 83%. This result suggested that bh4 mutation might originate from India.
Neutrality Tests
At the taxon level, polymorphisms in the wild rice (θ sil = 0.00787 for O. rufipogon and θ sil = 0.00876
for O. nivara) were significantly higher than those in the cultivated rice (θ sil =0.00021 for indica excluding Kasalath, and θ sil = 0 for japonica). With respect to both the entire region and silent sites, the wild rice maintained comparable levels of nucleotide diversity, which was about 70-times higher than those in the cultivated rice ( 
DISCUSSION
Straw-white panicles filled with ripened grains are a characteristic feature of mature cultivated rice plant. In this study, we cloned a Bh4 gene encoding an amino acid transporter protein and identified that a 22-bp deletion within the third exon caused the loss of function of Bh4, resulting in the transition from black hull in wild rice to straw-white hull in cultivated rice. The 22-bp deletion accounted for 94.9% of the straw-white hull color in the screened cultivated rice varieties. Transgenic study confirmed that the Bh4 gene controlled the synthesis of black hull pigment during seed maturation.
We observed that the seeds began to turn black about 15 days after pollination and grains did not turn black if they were not pollinated. From the temporal and spatial expression of Bh4, the phenotype is in accordance with the expression pattern of Bh4. Thus, certain substance must have transported from seeds to hulls for the black color formation. Further study will be required to investigate which substance leads to black hull at maturity.
Although the prevalent mutation of Bh4 was the 22-bp deletion within the third exon, there were other mutations in this gene that lead to the loss of black hull pigment. This suggested that different mutations occurred in the Bh4 gene during rice domestication suggested that this phenotype of cultivated rice might have multiple origins.
Why modern rice cultivars discard the black hull trait? Did the Bh4 undergo some artificial or nature selection? MLHKA test showed that Bh4 gene was fixed in cultivated rice by artificial selection. It is now a natural phenomenon that the non-shattering seed of cultivated rice is always associated with straw-white hull, which is accompanied by a withering of stems and leaves near the havest. To identify functional variations resulted from the transition of black-colored to straw-white hull, we compared a number of yielding and grain quality related traits between the NIL8 and cultivar Guangluai4, and also transgenic lines. Since there were no significant functional variations detected to be associated with the transition from black to straw-white seed hull, we proposed that the straw-white hull for non-shattering grains was favored visible phenotype and therefore artificially selected in cultivated rice.
Previous studies reported that Phr1(Ph) participates in the formation of black hull (Kuriyama and Kudo 1967), and Phr1 in japonica is a nonfunctional allele (Yu et al., 2008) . We transferred Bh4 gene into the two subspecies of cultivated rice, indica (Guangluai4, Kasalath) and japonica (Nipponbare).
We found that only indica varieties can be rescued with black hull phenotype, this demonstrated that some other genes on this path might mutate in japonica varieties during domestication. These results consisted with the previous genetic analysis. As multiple mutations occurred in Rc (Sweeney et al., 2006) and Phr1 (Yu et al., 2008 ) genes, Bh4 also had multiple mutations. All these three genes are related to the color changes in grains and seeds.
We tested whether birds played a vital role in the selection of straw-white seed hull in rice. We proposed that if the loss of function of shattering gene (Sh4) (Li et al., 2006) was selected and fixed first, non-shattered black-hull seeds on the background of yellowish stems and leaves at maturity would be easily targeted by birds. In wild rice, black-hull seeds fall off easily from plants at maturation and the black hull color can protect them from being targeted by birds. However, non-shattered black-hull seeds of panicles were presumably to be easily targeted by birds in the background of a withering of stems and leaves at maturity. When a black-hull seed mutated to straw-white, it would have been protected from bird predation and the allele frequency would increase over generations of cultivation.
However, we found that birds almost equally favored eating straw-white-hull and black-hull rice grains while they were ripening in the field. It is possible that the birds around the rice field might have adapted to eating straw-white hull grains. Perhaps more rigorous field experiments have to be designed in order to replicate the process of rice domestication thousands of years ago. If this works, it might
MATERIALS AND METHODS
Plant Materials
In the cloning of Bh4 and expression analysis, SL4 and NIL8 were used. SL4 is an introgression line developed by introgressing chromosomal segments from an accession of common wild rice (O.
rufipogon Griff) W1943 into an indica cultivar (O. sativa L.) Guangluai 4 based on four generations of backcrossing and four generations of self-fertilization. All the genetic background of SL4 comes from Guangluai 4 except for the entire chromosome 4. NIL8 is derived from the cross between SL4 and Guangluai 4 (Supplemental Fig. S1 ).
In 
Measurement of Grain Quality Traits
Mature rice grains were milled after being harvested, air dried, and stored at room temperature for 3 months. Amylose cotent (AC), gel consistency (GC) and gelatinization temperature (GT) were measured according to methods reported by Tan (Tan et al., 1999) . GT was evaluated as the alkali spreading value (ASV).
For chalkness degree (CD) analysis, we adopt image auto-recognize chalkness system. Briefly, first, rice seeds were dehulled and removed the seed coat. Then the polished seeds (intact) were got images through scanner, by using specific software, the chalkness region was recognized automatically by color difference between chalkness and endosperm. The chalkness degree was calculated by area of chalkness divided by area of intact seed. All this work was down automatically by computer. Each sample we repeated four times, each time we analyzed 50 seeds and got the average chalkness degree. DNA was extracted from fresh leaves according to the CTAB method (Murray and Thompson 1980) with minor modifications. The molecular markers analyzed in the target region contained InDels, SNPs, CAPs and one SSR marker RM3524, they were all newly designed in this study except RM3524. For InDels and SSR, PCR products were loaded on agarose gels to assay polymorphism. For SNP, PCR fragments were directly sequenced in both directions by ABI3730 Sequence instrument after purified by agarose gels; For CAPs, PCR fragments were digested with specific restriction endo-nuclease enzyme, and then loaded on agarose gels for polymorphism. The information of newly developed markers was list in Supplemental Table S1 .
DNA Extraction and Molecular Marker Analysis
Positive BAC Clone Screening
The BAC library comprises of eighty 384-well-microtiter plates. The coverage of the library is about 8 times of the rice genome. To get the specific clone, three PCR rounds were adopted. First round, the eighty 384-well-microtiter plates were 80 super-pools, DNA was extracted from each super-pool by the alkaline lyses method for PCR screening. Each super-pool was screened with the two markers flanking the target region. The super-pools that were positively screened by two markers were selected for the next PCR-screening round. Each super-pool was divided into four 96-well plates, which formed four sub-pools. The sub-pools that were also positively screened by two markers were selected for the third PCR-screening round. In the third round, each positive pool was divided into 8 row-pools and 12-column pools. The target clone will be specifically detected after three screening-rounds.
Subcellular Localization of BH4
Transient transformation of the protoplasts with polyethylene glycol was performed according to the protocol of Negrutiu et al. (1992) . For confocal laser scanning microscopy, protoplasts were incubated overnight at 24 ℃ in the dark after transformation and observed with an Olympus microscope.
Quantitative Real-time PCR
Total RNA was extracted from rice tissues using TRIZOL reagent (Invitrogen, Shanghai, China) as described by the supplier. Two microgram (μg) RNA was reverse-transcribed with Oligo-dT(18) primer using the PrimeScript TM RT reagent kit (Takara, Dalian, China). For quantitative real-time RT-PCR, first strand cDNAs were used as templates in real-time PCR reactions using the SYBR Green PCR Master Mix (Takara, Dalian, China) according to the manufacturer's instructions. The amplification of the target genes was analyzed using the ABI Prism 7500 Sequence Detection System and Software (PE Applied Biosystems). UBQ5(AK061988) and eEF-1α (AK061464) (Jain et al., 2006) were used as a control to normalize all data.
Bh4 Allele Sequencing
A 2465-bp region of the Bh4 gene was amplified using PCR primers of Bh4aF with Takara LA Taq DNA polymerase with GC buffer I (Takara, Dalian, China). The PCR products were purified with a TIANGEN purification kit (TIANGEN, Beijing, China). All PCR products were sequenced directly on both strands with the primers Bh4a, Bh4b, Bh4c, Bh4d and Bh4e (Supplemental Table S1 ). 
Phylogenetic Analyses of DNA Sequences
Neutrality Tests
Sequence alignments were performed using clustalx (Thompson et al., 1997) and were refined manually. Genetic variation was estimated with average pair-wise differences per base pair between sequences (л) (Nei and Li 1979) 
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: cDNA from W1943 (FQ377518), cDNA from Guangluai 4 (FQ377519), ORW1943Ba0077G13 (FQ377585). Bh4 genomic sequences of 52 cultivated and wild rice (FQ377520-FQ377566, FQ377579-FQ377583).
Supplemental Date
Supplemental Figure S1 . The size of W1943 segment in NIL8.
Supplemental Figure S2 . Plant and panicle architecture of NIL8 and Guangluai 4.
Supplemental Figure S3 . Some of F 2 individuals used for Bh4 primary mapping.
Supplemental Figure S4 . Multiple sequence alignment of the rice BH4 protein and the amino acid transporter proteins from Arabidopsis and tomato.
Supplemental Figure S5 . Comparison of grain number per panicle (GNP), fertility rate, thousand grain weight(TGW), tiller number per plant (TN), amylose content(AC), gel consistency (GC), gelatinization temperature (GT) and chalkness degree (CD) between NIL8 and Guangluai4 (GLA4). From the 15 th day after heading, black spot appears on the hulls covering developing seeds. Oryza sativa
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